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Abstract 
A tile grinding line is composed of several consecutive pairs of opposed abrasive tools driven by electric motors that 
progressively remove material from the tile edges. A correctly balanced line is essential to optimize the lifetime of the tools and 
electricity and abrasive consumption, but keeping the line under control is difficult due to the fact that working conditions of 
every wheel are affected by their adjacent wheels. Moreover, changing characteristics of worked tiles and uneven wheels wear 
modify the operating point of wheels. This work explains the design and implementation of a system for monitoring and 
controlling the operation state of abrasive tools in a tile grinding line. The monitoring system acquires the current data of each 
electric motor and transfers it to the control system. A fuzzy logic controller decides the state of each motor, generating a 
correction signal to adjust the wheels. The experiments carried out demonstrate that the designed system simplifies balancing 
tasks. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
The grinding of ceramic tiles is a process applied to the final product by using abrasive tools. These tools, called 
wheels, are driven by electric motors and are placed on the grinding modules arranged in pairs facing each other. 
The workpieces (tiles) advance over a conveyor belt, passing sequentially between each of the pairs of wheels, so 
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that the tile is machined simultaneously from both sides, as shown in Figure 1-a. The distance between wheels in 
each pair is fixed to a certain value, in such a way that the distance decreases along the line in order to ensure that 
each wheel accomplishes the assigned material-removal rate (MRR). 
The correct setting of grinding line parameters is essential to optimize the wheels lifetime while reducing 
consumption of electricity and abrasives. Working conditions of a grinding wheel affect those around them, 
therefore it is very difficult to find the line parameters setting that is suitable for each tile format, and especially to 
keep every wheel under control during the whole grinding process. Moreover, the uneven wheel wear also modifies 
the operating point, and the accurate position measurement of the contact surface of each wheel relative to the 
workpiece by position sensorization is difficult due to harsh working conditions (wet and pulverulent 
environment). 
In addition, the motors do not work in a continuous mode since there is a variable gap between the successive 
workpieces. The high number of input variables, and the complex (and difficult to predict) behaviour of the process 
makes it necessary to implement a control system that monitors and control the system operating point to maintain 
the grinding line balanced, thus reducing consumption of abrasives and energy. 
 
a) Arrangement of wheels in grinding line b) Workpieces system transport 
c) Arrangement and 
motions of the wheels d) Abrasive wheel  
Fig. 1. Features of the tile grinding line and wheels (abrasive tools). 
Different techniques are described in the literature to monitor the grinding process, such as: the force exerted by 
the wheel on the workpiece, the power consumption of the grinding wheel motor, acoustic emissions when the 
wheel contacts with the workpiece, and the wheel surface temperature (Tönshoff et al., 2002). The most widely 
used technique is based on acoustic emission monitoring; however the monitoring of current and / or power 
consumption (Oliveira et al., 2009.) is the most reliable one in production conditions, and satisfactory results have 
been obtained from the application of these techniques in several studies (Karpuschewski et al., 2000; Oliveira and 
Valente, 2004). 
In order to close the process control loop, a monitoring system must be completed by a diagnostic core (to take 
decisions) and an actuator (Figure 2-b). Several control systems have been developed for the grinding process, but 
adaptive control systems and those based on artificial intelligence are the most widely used (Maksoud and Atia, 
2004). The various applications implemented using adaptive control for grinding process have demonstrated their 
potential (König et al., 1995; Brian Rowe et al., 1997), however, artificial intelligence-based controls have been 
more widely accepted since they can be developed with lower previous knowledge of the system (the mathematical 
model describing the process dynamics is not required). Among intelligent control systems, the most frequently 
used techniques in grinding process are fuzzy logic and neural networks, as numerous applications have been 
developed (all for single spindle machines) in order to predict breakdowns and life tool (Ali et al., 2004; Liu et al., 
2005), to predict the power requirements (Nandi and Pratihar, 2004) and to diagnose the process status (Kwak and 
Ha, 2004). 
This work deals with the design and implementation of a system for monitoring and controlling a grinding line 
of ceramic tiles, composed of eight pairs of wheels (16 motors) with the configuration described above and shown 
in Figure 1-a. This challenging control problem has been addressed by designing a fuzzy logic based controller for 
monitoring and controlling the wheels operating status. 
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Fig. 2. Process control loop, with details on the monitoring and control applications. 
2. The process monitoring system 
The designed system monitors the current consumption of motors that drive grinding wheels, because the 
current is directly related to the force exerted by wheel on the workpiece and is also related to the material removal 
rate. This is an easy solution, both technically and economically (Tönshoff et al., 2002), to analyze the system 
behaviour. The selected hardware solution is a data acquisition card with 16 analog inputs (Advantech PCI-1711L), 
one desktop computer, and 16 current sensors. Each sensor includes a current transformer and a current to voltage 
converter with an overvoltage protection by zener diodes. 
In order to define the acquisition algorithm to be implemented, a preliminary study was carried out. The 
conclusion was that the instantaneous current of the motors in load conditions was very noisy, with very fast 
random changes. Furthermore, the current in no load conditions was different for each motor. As a consequence, 
the current must be filtered (averaged) to obtain a representative value, and the no load current must be measured in 
each motor to be able to evaluate deviations from no load conditions.  
The acquisition software to accomplish the previous requirements was developed in LabView® language, 
according to the following characteristics: first, each motor is scanned sequentially for several seconds, obtaining 
250 values of the RMS current, then the acquired values are classified between load and no-load cases. The 
arithmetic mean is calculated for both cases, storing the resulting data. The average RMS current value for each 
motor (interface in Figure 2-c) is displayed in numerical and graphical forms, and finally the application 
communicates with the control system to transfer the acquired data. 
3. Characterization of the process 
The process is first characterized through the study of the behaviour that grinding wheels should have, 
depending on their characteristics and their position in the grinding module. Subsequently, this study is contrasted 
with real data acquired under production conditions. 
3.1. Theoretical study of the behaviour of the wheels in a grinding module 
The wheels have different characteristics (type and grain size) depending on their position in the module 
(although each pair are identical), and their position depends on the function (initial calibration, roughing, semi-
finishing and finishing). Following the arrangement shown in Figure 1: the wheels 1 and 2 are calibrators and work 
together; from 3 to 12 they remove a large amount of material, but all the same (same cut depth); and from 13 to 16 
they perform the finishing, removing a lower amount of material (lower cut depth), but again all the same. The 
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described behaviour should be fulfilled as long as the workpiece enters the grinding module under normal 
conditions (pieces with a similar geometry at the input). 
With these guidelines, several abnormal behaviour patterns of wheels can be profiled (Figure 3): If a wheel is 
tighter than desired then its current is higher than normal, the complementary wheel (the other wheel of the pair) 
also consumes a bit more, and the next one will have a lower than normal consumption, because the previous 
wheel has already removed its portion. If a wheel is worn (lower consumption), the complementary one also 
consumes a little less and the following one shall remove a double amount of material, raising its consumption 
several points above the desired value and also increasing the consumption of its complementary one. If a wheel is 
not sufficiently tight (lower consumption), its complementary one also consumes a little less and the next one must 
remove more material, increasing its consumption several points over the desired value and also affecting its 
complementary with an increase. These last two cases are similar (the cases of wheel worn and wheel not properly 
adjusted), but it is very important to differentiate between them, because the actions to be taken are different. 
 
             
Correct working status Wheel too tight Wheel worn Wheel not properly adjusted  
Fig. 3. Possible status patterns of a grinding line wheel. 
3.2. Experimental study from data obtained in production conditions 
The theoretical behaviour of wheels, described above, can be observed in the analysis of the acquired data 
during production conditions. 
Figure 4-a shows the behaviour of a tight wheel (M12), affecting its complementary M11 and the next two 
(M14 and barely M13). In the first zone of chart, the wheel has a very high consumption. After the adjustment, its 
consumption is reduced (second zone of chart), while the consumption of the complementary M11 is also reduced, 
and the next wheel, M14, is increased. Furthermore, the opposite case is also seen, corresponding to the behaviour 
of a wheel incorrectly adjusted (M16), affecting its complementary M15, that also consumes less than normal, and 
not affecting any other because they are the last pair. In the first chart area, the wheel M16 has a very low 
consumption and, after adjustment, the consumption increases in the second zone, at the same time that its 
complementary M15 increases. 
Figure 4-b shows the behaviour of a wheel in an advanced wear state (M06), so that it affects its partner (M05) 
and the next wheel (M08 and a little bit the couple M07). In the first graph area, the wheel has a low current and 
after tighten it up, the current decreases rapidly due to the advanced wear state. In the second part of the graph, the 
wheel is fully worn, and the negative reaction after tightening up is even faster, resulting in a drastic reduction in 
consumption. 
Furthermore, other interesting details were observed in the experimental study, that had not been taken into 
account in the theoretical study. One of them is that the way the system is adjusted manually (setups of all the 
motors for a given production lot) is highly variable and it seems not to fulfil any logical pattern, in part due to the 
fact that modifying the operating point of one of the motors affects the operating point of all adjacent motors 
(Figure 5). 
Therefore, in order to automatically control the line, the system to be designed must be able to detect the 
abnormal behaviour patterns described previously, and to propose the most adequate solutions to correct them and 
maintain the line balanced. 
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Fig. 4. Data acquired during the study of module behaviour. Cases: (a) a too tight wheel and a loosely wheel, (b) a worn wheel.
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Fig. 5. Example of how the setting change of a wheel affects the rest of the module.
4. Control system of process
The designed control system communicates with the monitoring system to obtain the current of the different
wheels, and, depending on those values, it decides and indicates which of the wheels require to be adjusted. The
controller also indicates the amount of adjustment to be applied at each one of the wheels to be adjusted. This is
calculated with an algorithm that takes into account the behavioural patterns described previously.
The controller software application has been developed in Matlab®, and comprises a graphical user interface
(Figure 2-a), which shows the wheels requiring an adjustment and the evolution of the current of the motors, and a
set of calculation modules for analyzing the data to estimate the state of the grinding wheels and to control their 
operating point. A detailed explanation of those modules is shown in Table 1.
As a summary, the system implemented to control the operating point of wheels works as follows: the
monitoring system transfers the average RMS values of consumption (both with load and no-load) for each motor 
by acquisition order; using those values the control system determines the state of each motor, according to its
operating point and the other motors adjacent to it, and a fuzzy controller decides whether the wheel needs to be
adjusted or not; if adjustment is necessary, instructions are sent and displayed indicating which are the wheels and 
how they must be adjusted.
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     Table 1. Calculation modules implemented for the control system of tile grinding wheels. 
Module Module description 
Defining the target current MRR calculation (depending on the workpiece thickness, machining allowance, and feed rate of pieces), and target current for each wheel. 
Data exchange Loading the data acquired for each motor (load: current and time; no-load: current and time; time and date) by order of storage. 
Initial acquisition of 
consumption data 
Initial estimate of working status of each motor and the entire module, evaluating the state 
probability (SP) of each wheel. 
Working status: 
Discrimination between load 
and no-load conditions 
Determination of wheel working status (load or no-load conditions). In the particular case 
of a low consumption, it is very important to detect if the wheel is working with no load or 
with load but low consumption. 
Preliminary computation and 
filtering of consumption 
error data 
Calculation of consumption error (Ce) of each wheel, and filtering  this value using a low 
pass discrete filter. 
Calculating SP value of each 
wheel, using fuzzy logic 
Calculation of the SP for each wheel by means of a fuzzy function. The input variables to 
the fuzzy function are the wheel Ce and the SP of previous wheel, and the output variable is 
the SP. The SP is also filtered using a low pass discrete filter. The implemented fuzzy 
controller is explained in detail in Subsection 4.1. 
Proposal and implementation 
of the control action 
Proposal for corrective action for a wheel if |SP|>1. Two types of corrective actions: to 
loosen the wheel (if SP>0) or to tighten the wheel (if SP<0). 
 
4.1. Fuzzy logic controller 
The proposed controller is based on fuzzy logic, since it allows to translate the knowledge in form of heuristic 
rules for process setup in a numerical algorithm that determines the operating status of the wheels and, on the other 
hand, does not require a precise mathematical model of the process. This is especially important in the studied 
case, because it is very difficult to obtain a good model of the grinding process, as has been indicated in the 
literature (Tönshoff et al., 2002). 
Different fuzzy functions have been designed to control the different wheels, since the position of the wheels on 
the module and their characteristics affect the operation state. All the functions have as an input the consumption 
error, Ce, and, depending on the wheel position/properties, other inputs can be the SP of the previous wheel or its 
complementary, and the material amount to be removed from workpieces. The output variable of the fuzzy 
functions are the state probability (SP) of the corresponding wheel. In the following, the controller designed for the 
wheels located in the intermediate module is explained. 
The linguistic rules, usually derived from an expert operator, are the main feature of a fuzzy controller. These 
fuzzy rules are incorporated into a controller that emulates human intelligence by using fuzzy set operations. Zadeh 
(1965) introduced the theory of fuzzy sets, establishing that the framework for designing a fuzzy controller 
includes: defining the fuzzy variables input/output, decision-making related to the fuzzy rules, fuzzy inference 
logic, and defuzzification. 
Figure 6 shows the structure of the fuzzy controller designed for the grinding module. The current of the motor 
is the output variable to be controlled, y. The consumption error (Ce) is calculated as the difference between the 
current setpoint (or desired), r, and the measured consumed current (y), taking into account that motors have a 
certain consumption with no-load. The input variables to the fuzzy controller are the Ce of the wheel and the SP of 
the previous wheel. The output variable of the fuzzy function is the SP of the wheel, that lead to a corrective 
action, u, if the SP is higher than a given threshold. For the input and output variables, triangular membership 
functions, represented in Figure 7-b, are defined. Those membership functions allow to transform the numerical 
inputs to linguistic variables, and the linguistic output to a numerical value. 
Fuzzy rules used for the evaluation of the situation are described as follows: 
Ri:  if   Z1 is Ai1  and  Z2 is Ai2 ... and  Zn is Ain  then  Y is Ci, 
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where Z1, Z2 Zn and Y are the fuzzy variables and Ai1, Ai2, ..., Ain y Ci are linguistic values of fuzzy variables 
that express fuzzy sets. Table 2 presents the fuzzy control rules used to control the grinding module, having 
defined five possible states for  Ce: very low (<<), low (<), correct (0), high (>) or very high (>>); and other five 
for SP: very loose (<<), loose (<), correct (0), tight (>) or very tight (>>). 
 
 
r(k) 
Fuzzy Controller 
- 
Fuzzy knowledge 
(rules and 
operators) 
Fuzzification Defuzzification Inference mechanism 
Grinding 
module  
CE(k) 
SPprev (k) 
u(k) y(k) + 
 
Fig. 6. Fuzzy controller structure of grinding module. 
Table 2. Combinations of the state probability (SP) of the wheel depending on the consumption error and the state 
probability of the previous wheel. 
SP prev 
Consum. error 
SP_prev << SP_ prev < SP_ prev = 0 SP_ prev > SP_ prev >> 
Ce << SP << (VL) SP << (VL) SP << (VL) SP < (L) SP = 0 (C) 
Ce < SP << (VL) SP << (VL) SP < (L) SP = 0 (C) SP > (T) 
Ce=0 SP << (VL) SP < (L) SP = 0 (C) SP > (T) SP >> (VT) 
Ce > SP < (L) SP = 0 (C) SP > (T) SP >> (VT) SP >> (VT) 
Ce >> SP = 0 (C) SP > (T) SP >> (VT) SP >> (VT) SP >> (VT) 
 
The range of values that can take the output variable SP as a function of the input variables can be seen in 
Figure 7-a. 
 
a) 
-0.5 -0.3    0   0.3  0.5 Ce 
Ce<<    Ce < Ce=0 Ce > Ce >> 
SPpre<< SPpre < SPpre =0 SPpre > SPpre >> 
SP<<   SP <   SP=0   SP >  SP > 
b) 
-0.5 -0.3    0   0.3    0.5 SPprev 
-0.5 -0.3       0   0.3    0.5 SP Ce SPprev 
   
SP
 
 
Fig. 7. Range of values of output SP as a function of input values of the fuzzy function. 
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The fuzzy controller implementation uses the Mamdami inference mechanism. The AND operator is the, 
minimum and the OR operator is the maximum. The implication method is the minimum, and the aggregation 
method is the maximum. Finally, the centroid method was used for defuzzification. All the fuzzy control system 
was implemented using the fuzzy logic Toolbox of Matlab ®. 
5. Experimental results 
The implemented control system described in previous sections has been tested in an industrial line in order to 
demonstrate its applicability. After an iterative procedure of test and adjustment of the different parameters, finally 
the performance of the controller was as expected. 
Figure 8 shows the evolution of the adjustment process in an experiment performed in the intermediate module 
wheels. Those wheels have the same consumption set point. The experiment starts with an unbalanced situation, 
and ends with an almost perfectly balanced state. The controller proposed the required actions to take the 
consumption of all the wheels to the vicinity of 8.5 A, that is the estimated current for the machining requirements. 
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Fig. 8. Process module setting: evolution of consumption and adjustment actions carried.. 
In the upper graph of Figure 8, three zones can be differentiated: a first coarse adjustment at instant 40850, a 
second intermediate adjustment around instant 42850, and a final fine adjustment around instant 43530. The 
adjustment actions were performed manually by an operator, following the indications of the control system. The 
lower graph in Figure 8 shows the wheels adjusted and the adjustment values. 
In the first set of adjustments, after analyzing the consumption of the wheels, the controller proposes a 
generalist  adjustment of the wheels 10 and 11 (the wheel 10 is loosened  0.5 points and the 11 is tightened 0.5 
points ) to drive the consumption towards the desired one. About the instant 41000, the wheel 7 is loosened 1 
point. It can be observed that the adjustment of wheels 7 and 10 produces a slight increase in the consumption of 
wheels 9 and 12. 
After the consumption stabilizes, the controller proposes the adjustment of wheels 4, 5, 6, 7, 8 and 9, to move 
their consumption into an acceptable range. About the instant 43000, the wheel 4 is tightened 0.5 points, wheels 5 
and 6 are loosened one point each, wheels 7 and 8 are loosened 0.5 points each, and the wheel 9 is tightened 1 
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point. The consumption of the rest of the intermediate wheels is affected by the above settings, so that the 
consumption of the grinding wheel 10 increases significantly, that of the 11 decreases appreciably and the 12 is 
reduced slightly. 
Finally, in the zone of fine adjustment, the controller proposes the adjustment of wheels 3, 4, 7, 10 and 12. From 
the instant 43500, wheels 3 and 4 are tightened 0.5 points, and wheels 7, 10 and 12 are loosened 2, 1.5 and 0.5 
points respectively. These adjustments hardly affect other wheels. 
6. Conclusions and future work 
This work presents a monitoring and control system designed to control the operating point of the wheels of a 
grinding line. The measured variables are the current of the motors that operate the grinding wheels. The output of 
the controller are adjustment commands for the different wheels that need to be adjusted. The objective is to 
balance the line, such that all the motors of a module in the line have a consumption similar to the required one for 
the desired material removal rate. 
The controller is based on the use of fuzzy logic functions. The developed controller has been tested in an 
industrial grinding line in real production conditions. The performance was correct, greatly improving the task of 
balancing the line with respect the previous manual operation. As a result, the consumption of energy  and 
abrasives has been reduced, reducing the operational costs of the line. 
As a future work, the self learning capability of the controller will be explored. The idea is  the controller to be 
able to automatically change the fuzzy rule base and/or knowledge base as a result of the measured performance 
from the actions taken in different situations. The self learning will allow to adapt the algorithm to changes in the 
type of tiles or in the type of wheels, and to optimize the performance, minimizing the time taken to balance the 
line. 
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